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Cycles to F a i l u r e and Elongation vs T e s t T e m p e r a t u r e for
Alcoa
INTRODUCTION
This r e p o r t covers p a r t of a p r o g r a m under AEC auspices, aimed a t obtaining and presenting data for use in design of nuclear r e a c t o r s .
includes studies of structural, cladding, and fuel m a t e r i a l s in their normal state and with their properties impaired by fabrication procedures o r exposure to various environments.
The p r o g r a m
The aim of this investigation was to obtain and present data useful f o r analytical prediction of cyclic temperature s e r v i c e life of components fabricated f r o m aluminum-base materials. Three m a t e r i a l s w e r e selected as c h a r a c t e r i s t i c of aluminum-base m a t e r i a l s possible f o r service i n n u c l e a r -r e a c t o r -c o r e components.
low t e m p e r a t u r e s or f o r cladding at high t e m p e r a t u r e s .
material, a sintered-aluminum product, is considered f o r both s t r u c t u r a l and cladding purposes because of i t s high-temperature strength.
Two a r e 1100 s e r i e s alloys especially useful f o r s t r u c t u r a l purposes a t
The third aluminum-base
A second aim of this investigation was to observe the cyclic strain-fatigue and c r e e p behavior of aluminum and obtain cyclic s t r e s s -s t r a i n relations a t moderate temperatures f o r comparison to s i m i l a r properties to be obtained f o r higher strength m a t e r i a l s suitable f o r use a t high t e m p e r a t u r e s . Application of data of the type presented h e r e is limited by the analytical methods available.
Studies of experimental models of components a r e sometimes made to provide experimental data on component behavior o r confirmation of analytical methods and r e s u l t s .
its c r e e p p r o p e r t i e s at reasonable working t e m p e r a t u r e s allow estimation of the c r e e p behavior of components to be fabricated f r o m high-temperature materials.
High-purity aluminum might be used f o r these model studies because
Axial cyclic fatigue testing at constant t e m p e r a t u r e s was utilized in this t e s t p r o g r a m f o r the following reasons:
I ) P r e l i m i n a r y t e s t s and calculations indicated that c r e e p c h a r a c t e r i s t i c s of aluminum would interfere with determining cyclic plastic s t r a i n as a t e s t p a r a m e t e r .
2) Axial fatigue testing facilitates m e a s u r e m e n t of s t r e s s , strain, and time relations hip s .
N U -SR-4 2 58 1 3 ) Constant temperature testing allows evaluation of c r e e p effects.
4) Constant temperature testing may be as realistic as thermal cycling testing since, in actual components, the cyclic thermally induced s t r a i n m a y bear little relation to the direction and amount of temperature change.
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Because of the proposed use of aluminum-base m a t e r i a l as a fuel element d cladding a t s u r f a c e t e m p e r a t u r e s up to B O O O F , it was planned to p e r f o r m strainfatigue t e s t s a t t e m p e r a t u r e s ranging between r o o m temperature and 900" F.
However, the unstable behavior of 1100-series aluminum alloys a t 600"F, evidenced by "necking, "yielded r e s u l t s s o difficult to i n t e r p r e t that no t e s t s were performed on these m a t e r i a l s ab'ove 600°F.
.
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II. TEST MACHINE OPERATION
A. GENERAL DESCRIPTION
The basic t e s t machine is a direct, repeated-s t r e s s , double unit manufactured by Krouse Testing Machine, Inc.
in tension and compression.
eccentric.
t e s t s at high temperature, the basic test machine required modifications.
Fixtures, special furnaces with controls, temperature monitors, load weighing and recording equipment, and s t r a i n measuring equipment w e r e incorporated.
These modifications and the method of operation and calibration of the modified machine a r e described i n Reference 1.
The t e s t machine has a 5000-lb load capacity
Loading beam travel is adjusted by a variable
The basic machine operates at 1000 cpm. To p e r f o r m strain-fatigue B. PLASTIC STRAIN CALIBRATION
The instrumentation described in Reference 1 did not supply information about plastic s t r a i n o r i t s relationships to total s t r a i n and t e m p e r a t u r e . A specially instrumented s e r i e s of t e s t s was performed on the fatigue testing machine to supply calibration of plastic s t r a i n ~s total s t r a i n in the fatigue specimens. To facilitate accurate m e a s u r e m e n t of s t r a i n in the gage length, P r o b e s w e r e bottomed in the end of each hole
When the specimen was cycled, the extenso- determine what fraction of this s t r a i n occurred in the constant diameter 0.500-in. -long t e s t section. To determine the s t r a i n in the t e s t section, w i r e s w e r e attached to the specimen as shown in F i g u r e 1, and a n optical m i c r o m e t e r w a s used to r e a d the movement between tips of the wires. movement in the 0.750-in. gage length. The attenuation levels of the r e c o r d e r f o r deflection and load channels were calibrated statically before testing, using known deflections and loads to determine m i l s of deflection and pounds of load p e r millimeter of c h a r t height. P l a s t i c s t r a i n calibration t e s t s w e r e performed on a l l t h r e e m a t e r i a l s a t t h r e e temperature and six s t r a i n levels each. A typical test began at low deflection Cycling speed of the testing machine was set at 10 cpm, and Shims were increased in steps to 0.013 i n . , which Figures 3 and 4 a r e plots of s t r e s s a strain for tension and compression cycles of 6-sec duration.
records using calibration factors to convert chart millimeters to s t r e s s and strain.
half.
the s t r e s s -s t r a i n curve a t two points.
the two intersections indicates the measured plastic strain ( E ). The load zero point was approximated by dividing the total load ( aT) in A line was then drawn a t this value, parallel to the x-axis, intersecting
The length of the line a t zero load between
The calculated P -c T / E ) was determined by drawing lines at the 
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negative and the l a r g e s t positive values of s t r e s s and s t r a i n . distance between these two lines is the calculated theoretical plastic s t r a i n The horizontal .
-a T / E ) . Both the E and (eT -(r / E ) a r e defined in Figures 3 and 4 . Curves ( E T P T such as F i g u r e s 3 and 4 were drawn for each m a t e r i a l f o r each s h i m value a t each t e s t temperature. The values of E and ( E -a T / E ) obtained f r o m these curves were used to plot c u r v e s of F i g u r e s 5 and 6. P T F i g u r e 5 is a plot of plastic s t r a i n a total s t r a i n in 1132 alloy a t room temperature and 600°F.
in Alcoa M-257 (sintered-aluminum product) a t room temperature, 600 and 900°F.
in the next section of this report. Figure 6 is a plot of plastic s t r a i n 5 total s t r a i n Data f r o m F i g u r e s 5 and 6 a r e correlated with the fatigue t e s t r e s u l t s Specimens, as shown in Figure 1 , w e r e machined longitudinally to the direction of rolling and extruding.
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To obtain cold-worked 1197 alloy, a 1-1/8-in.-diameter b a r was machined f r o m the specimen plate stock.
a piece of 5/8-in.-diameter specimen stock was swaged to 1/2-in. diameter.
Special adapters w e r e required to use these specimens in the specimen holders.
This bar was swaged a t room temperature f r o m
To obtain cold-worked Alcoa M-257,
7
Chemical a n a l y s e s of the t h r e e m a t e r i a l s a r e p r e s e n t e d i n Table I . Samples w e r e selected a t random f r o m each m a t e r i a l . gage length.
These w e r e tested in a
Measurements were made using a 1 -in.
Tensile specimens of 3/8-in. gage diameter and 2-in. gage length w e r e used in a separate s e r i e s of t e s t s conducted a t Atomics International on extruded Alcoa M-257.
a r e presented in Table 11 .
The mechanical property data f o r all t h r e e m a t e r i a l s 
B. STRAIN-FATIGUE TEST RESULTS
All strain-fatigue t e s t s w e r e performed a t 10 cpm on the modified machine described in the previous section.
number of cycles and load.
aluminum specimens w e r e tested a t r o o m temperature, 300 and 600°F.
A continuous recording was made of the Twenty type 1197 and twenty type 1132 reactor-grade-
Fourteen
Alcoa M-257 specimens w e r e tested at r o o m temperature, 600 and 900°F.
loss of ductility of M -2 5 7 during testing resulted in the loss of s e v e r a l specimens during attempted s t r a i n calibration t e s t s and depleted the number of specimens The I -99 available for data. Also, four Alcoa M-257 specimens, which had been coldworked, w e r e tested a t 9 0 0°F and six type-1 197 cold-worked aluminum specimens w e r e tested a t 300 and 600°F. m e n s was adjusted to obtain a range of cyclic life between 100 and 100,000 cycles, Shape and dimensions of a typical fatigue specimen a r e shown in Figure 1 .
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Specimens that r a n to a very l a r g e number of cycles (-2 x 10 ) w e r e taken off
The range of cyclic s t r a i n imposed on the speci-5 t e s t . They a r e designated by point's with attached a r r o w s i n figures referenced in this section.
Each specimen test was s e t to a fixed cyclic s t r a i n level by insertion of shims, and the specimen was cycled to failure a t that level.
range of the specimens is plotted against the number of cycles to failure in F i g u r e s 7, 8, and 9 f o r the three m a t e r i a l s tested.
The total s t r a i n F i g u r e s 10, 11, and 12 present the relation of cyclic s t r e s s to cycles to Although cyclic s t r a i n in the specimens was failure for the three m a t e r i a l s .
held fixed throughout each test, the load varied throughout the t e s t . load a t specimen half-life was taken as the value to obtain the s t r e s s values presented.
values; consequently, the value of one-half total s t r e s s range i s presented against cycles to failure representing the customary relationship.
The cyclic
The total s t r e s s range r e p r e s e n t s the total of tension and compression Another set of c u r v e s was drawn by utilizing the plastic s t r a i n vd total s t r a i n calibration presented in Section I-B, and the total s t r a i n a cycles to failure relationships f r o m the t e s t s . The r e s u l t s of this c r o s s plot, plastic s t r a i n v_s cycles to failure, a r e shown in F i g u r e s 13, 14, and 15.
to failure a t 0.75% plastic s t r a i n v_s test temperature.
curve of percent elongation in four d i a m e t e r s vs test temperature.
this curve w e r e obtained f r o m Reference 3.
Because there was a gap i n the behavioral picture
The curve p r e s e n t s the number of cycles Also, in Figure 16 A number of samples w e r e chosen f r o m each of the three m a t e r i a l s f o r macroscopic and microscopic examination. F r o m each material, samples w e r e chosen to r e p r e s e n t r e s u l t s of testing at high and low s t r a i n s and a t high and low 1 temperatures. All samples w e r e sectioned longitudinally, polished, and etched.
They w e r e found to be sound and uniform except f o r defects caused by fatigue testing.
The samples f o r microscopic examination w e r e mounted and etched. microstructure of Alcoa M-257 could not be defined with any of s e v e r a l etching techniques tried.
satisfactorily with conventional techniques. photographed and a r e shown in F i g u r e s 21, 22, 23, 26, 27, 28 and 29.
Photographs of typical samples a r e shown in Figures 17, 19 , and 24.
The
The 1197 and 1132 aluminum m i c r o s t r u c t u r e s w e r e defined Typical m i c r o s t r u c t u r e s w e r e After fatigue failure occurred on all three types of specimens, black deposits w e r e noticed on some of the f r a c t u r e surfaces. The size and orientation of these deposits obviate the possibility that they w e r e inherent in the specimen m a t e r i a l .
These deposits w e r e examined by x -r a y diffraction and found to be noncrystalline.
deposits w e r e carbonaceous.
surface, it i s believed that they w e r e deposited during o r after testing f r o m decomposition products of lubricants used in the machine specimen holders.
shows a typical black deposit on a f r a c t u r e surface.
Subsequent analyses by conventional methods showed that the
Since the deposits appeared only on the f r a c t u r e Figure 25 The "necking" of 1197 and 1132 aluminum specimens occurred a t r o o m temperature, 300, and 600°F. Magnitude of the deformation increased with the total s t r a i n setting f o r each t e s t a s can be seen in the photographs. Identification, test data, and specific comments for each specimen shown a r e listed underneath the photographs.
NAA-SR-4258 11-6 (tested at 0.207'0 s t r a i n a t r o o m t e m p e r a t u r e . . . failed a t 90,850 cycles); 11-11 (tested at 1.637'0 s t r a i n at room t e m p e r a t u r e . . .failed at 1030 cycles), Failu r e s o c c u r r e d after m a t e r i a l "necked" at shoulder of a f t e r extensive surface cracking (right).
-. Struc-F r a c t u r e appears to be typical of imen 111-AI3 (tested a t 1.78% s t r a i n a t 6 0 0°F . . . failed a t 4300 cycles). i n 0.250-in.-original-diameter section is shown h e r e . Grain size has been reduced markedly in the portions where working was concentrated. F r a c t u r e finally o c c u r r e d i n one of these fine-grained sections,
mounting putty.] (-4X)
A good example of "necking" of specimen
Material in background is
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IV. DISCUSSION OF RESULTS
A. TEMPERATURE, DUCTILITY AND CYCLIC-LIFE RELATIONS
Effect of Temperature on Ductility
Results of tensile t e s t s listed in Table I1 indicate a significant increase in ductility with increase in temperature for the 1100-s e r i e s aluminum alloys.
This increase in ductility is apparent in the data on both elongation and reduction of a r e a . Elongation a t f r a c t u r e i n c r e a s e s 35 to 50% with a r i s e in test temperature f r o m 80 to 6 0 0°F . a t 6 0 0°F that p r e c i s e measurement was impossible.
Reduction of a r e a at the f r a c t u r e surface was s o g r e a t
The Alcoa M-257 results indicate a loss of ductility with i n c r e a s e in temperature apparent in both elongation and reduction of a r e a . Figure 16 p r esents additional data on variation in elongation with specimen test temperature f r o m Reference 3.
Relation of Ductility to Cyclic Life
Figures 7 and 8 indicate that for equal values of cyclic strain, t h e r e tends to be a n increase in cyclic life with temperature f o r both 1100-series aluminum alloys.
cycles between 80 and 6 0 0°F . reduced s o that on a total s t r a i n basis, the 8 0°F cyclic life is g r e a t e r than the 6 0 0°F life, while on a plastic-s t r a i n basis little difference a p p e a r s between the cyclic life a t 80 and 6 0 0°F .
At high strain ranges this appears as a factor of three on
At lower cyclic-strain levels this r a t i o is
The effect of the unstable specimen behavior resulting in "necking" at high t e s t temperatures and high values of cyclic s t r a i n introduces significant e r r o r in the cyclic-strain values noted for these tests.
"necked" a r e a s of the specimens leads to estimates of s t r a i n five times as high as the recorded average value over the gage length.
principally in the high temperature tests, the r e s u l t s a r e conservative and it appears that the effect of temperature and ductility would be to yield a much g r e a t e r i n c r e a s e in cyclic life with increase i n temperature than that indicated in the t e s t results.
Examination of the
Since this "necking" occurred NAA-SR -4 2 58 F i g u r e 1 16 demonstrates the relation between ductility, as m e a s u r e d by diameters, and cyclic life for Alcoa M-257. The difference i n elongation in 4 cyclic life is based on equal values of cyclic plastic s t r a i n and would be even g r e a t e r if based on equal v a l u e s of total cyclic s t r a i n .
All alloys showed a significant d e c r e a s e in cyclic life f o r equal values of cyclic s t r e s s range as the t e s t t e m p e r a t u r e was increased.
The cold-worked specimens w e r e tested p r i m a r i l y to detect any variation in the unstable c h a r a c t e r i s t i c s o r in the metallurgical behavior of the specimen, No significant change in these c h a r a c t e r i s t i c s was detected.
did indicate a d e c r e a s e in cyclic life f o r equal values of cyclic s t r a i n f o r the 1100-s e r i e s and a n i n c r e a s e in cyclic life f o r the M-257 alloys when the m a t e r i a l had been cold worked.
Results of the tests B. INTERPRETATION O F PLASTIC STRAIN
Observations of cyclic s t r a i n with a telescopic m i c r o m e t e r w e r e made during the initial high-temperature t e s t s on the fatigue machine.
tions indicated that c r e e p s t r a i n w a s occurring in the specimens during the period when the movement of the machine was halted by the mechanical stops.
Such movement could affect the estimation of plastic s t r a i n occurring in a t e s t by allowing additional elongation of a fatigue specimen while the load on the specimen was being relaxed. plastic strain, E = occur simultaneously. in s t r a i n while the load is d e c r e a s i n g and indicate the difference between calculated and m e a s u r e d plastic strain. F i g u r e s 5 and 6 show the magnitude of e r r o r in plastic s t r a i n estimation existing over a range of s t r a i n when plastic s t r a i n is These observaThis would negate the expression used to calculate -a T / E , since peak s t r e s s and peak s t r a i n would not F i g u r e s 3 and 4 show that t h e r e is a significant i n c r e a s e estimated by the expression, E = E T -a T / E . Data of F i g u r e s 13, 14, and 15 m a y be r e p r e s e n t e d by a straight line on log-log p a p e r .
proposed by Manson, where N = number of cycles to failure, 6 = plastic s t r a i n and k and C a r e experimentally determined constants.
tionship on log-log paper a p p e a r s to hold true whether considering calculated o r This indicates compliance with the fatigue law Nk = CE as Examination of this expression indicates that the magnitude of this c r e e p s t r a i n is p r i m a r i l y proportional to the c r e e p r a t e constant B, the hold time t a t the end of the stroke, and to some power n of the s t r e s s range during the t e s t . The I second t e r m in the parentheses shows that the c r e e p -s t r a i n r a t e d e c r e a s e s by a factor proportional to the r a t i o of machine stiffness K (spring r a t e ) to specimen strength ( a r e a A t i m e s yield strength cr
YP be interpreted as follows:
). The significance of this r a t i o may 1) A specimen of g r e a t e r yield-strength m a t e r i a l or g r e a t e r c r o s s section would induce g r e a t e r elastic deformation of the t e s t machine and allow m o r e c r e e p s t r a i n t o be imposed on the specimen during the hold time. 
18.9
In all cases the value of k has a lower value on the basis of m e a s u r e d plastic s t r a i n than on the basis of calculated plastic s t r a i n .
The magnitude of c r e e p s t r a i n which could occur during the hold period of 2 ) A m o r e elastic machine, lower value of K, would a l s o r e s u l t in g r e a t e r elastic deformation of the t e s t machine and increased c r e e p s t r a i n .
This t e r m a l s o indicates that a longer specimen with a l a r g e r r a t i o of specimen s t r a i n to machine s t r a i n would be l e s s sensitive to c r e e p -s t r a i n e r r o r .
These observations a r e substantiated by the r e s u l t s of the s t r a i n calibration t e s t s shown on F i g u r e s 3 and 4.
temperature, there is a n i n c r e a s e i n e r r o r in plastic-s t r a i n e s t i m a t e with Since c r e e p r a t e s increase exponentially with t e m p e r a t u r e despite a d e c r e a s e i n yield strength by a factor of 3 o r 4 .
Alcoa M-257 h a s a yield strength at 900°F almost as high as that of 1132 alloy at 8 0°F and higher than that of 1197 alloy. Also, Alcoa M-257 shows a l a r g e r e r r o r i n estimate of plastic s t r a i n a t 9 0 0°F than the 1100-series alloys show a t 8 0°F .
the amount of cyclic plastic s t r a i n which will r e s u l t in failure a t a given number of cycles. This leads to presentation of data in a conservative f o r m .
The r e s u l t of the e r r o r in calculating plastic s t r a i n is to underestimate
. .
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V. CONCLUSIONS
1) The t e s t technique described in this r e p o r t is not satisfactory for obtaining a c c u r a t e strain-fatigue data f o r highly ductile m a t e r i a l s because of instability "necking" of the specimens.
servative.
studies.
However,data obtained a r e con..
This same instability may affect i t s usefulness f o r model
2 ) Data presented h e r e i n a r e usable in the analytical design of components subjected t o t h e r m a l -s t r a i n cycling. Because of the behavior of the m a t e r i a l s a t higher temperatures, t e s t s on prototypes may be required to substantiate predicted performance a t these t e m p e r a t u r e s .
3 ) The rapid loss of ductility in Alcoa M-257 a t t e m p e r a t u r e s above 6 0 0°F r e q u i r e s special consideration in design of components, and m e r i t s f u r t h e r investigation. 
4)
T h e r e is a close correlation between ductility and strain-fatigue life f o r the t h r e e m a t e r i a l s tested.
5) P l a s t i c s t r a i n is not accurately e x p r e s s e d by E = E T -r T / E when the m a t e r i a l is being tested under conditions where c r e e p o r load relaxation c a n occur.
amount of e r r o r imposed.
The elastic c h a r a c t e r i s t i c s of the t e s t machine affect the 6) Calculation of cyclic plastic s t r a i n data on the basis of E = E T -uT/E leads to presentation of data in a conservative form.
7) Results of s t r a i n fatigue t e s t s on aluminum based m a t e r i a l s m a y be
The values of V a l u e s of k and C k e x p r e s s e d by the plastic s t r a i n fatigue law N = CE k and C for each m a t e r i a l v a r i e s with t e m p e r a t u r e . (1) to ( 2 ) due to force, held constant during time interval t, change in physical length of specimen due to c r e e p s t r a i n and initial elastic and plastic s t r a i n represented by e P respectively, e and e c ) E e t e t e E p c' spring constant, whose. value depends on the elasticity of the t e s t machine.
force on the rod is,
The resultant f o r c e on the rod after c r e e p s t r a i n occurs is, Since e = E L and the original length, L, of the specimen is known, e can readily be converted to cC, the c r e e p strain.
force is now 
YP
Due to lack of m o r e specific data on p r i m a r y creep, but within the purpose of this study, use is made of the accepted expression for relation of c r e e p r a t e to s t r e s s , viz. , p Where B is a constant, whose value depends on the metallurgical state of the m a t e r i a l (i. e. annealed, cold worked, carburized, e t c . ) and t e m p e r a t u r e ; and n is a n experimentally determined factor used to r e l a t e c r e e p r a t e to load.
The c r e e p s t r a i n change in time is, therefore, n --de' -Bu . 
For iginal
It should be noted that this expression is deemed sufficiently accurate only f o r the modified testing machine used in this program, which had holding t i m e s of 2 to 3 sec. F o r longer holding times, the s e r i e s used previously in this derivation should be expanded. 
